To characterize the microRNAs that contribute to the development of brace root, Solexa high-throughput sequencing of three libraries derived from tissues of node (N), nodes with just-emerged brace roots (NR), and nodes with just-emerged brace roots after IAA treatment (NRI) was performed. Total 650,793, 957,303 and 1,082,948 genome-matched unique reads were obtained in N, NR and NRI libraries, respectively. Further analysis confirmed the authenticity of 137 known miRNAs and the discovery of 159 novel miRNAs in maize. 14 conserved and 16 novel miRNAs differentially expressed in brace root, as well as 15 target genes, were identified and validated by qRT-PCR during maize brace root development. Moreover, we identified 9 miRNA precursor-matched novel sRNAs that may form miRNA clusters, as well as 24 nt siRNAs in the three libraries. In addition, we suggest that auxin represent a regulator in brace root development and can be regulated at the posttranscriptional level by miRNAs.
Introduction
Maize (Zea mays L.) displays a complex root structure comprising several root types. The underground portion includes the primary root, lateral root, seminal root, and crown root, whereas the aboveground portion includes brace roots emerging from the stem nodes of successive basal phytomers [1, 2] . The brace root (also termed nodal adventitious root) is a type of aerial root that contributes enormously to lodging resistance and water and nutrient uptake during the later growth and development stage of maize plants [3, 4] . Most importantly, brace roots have a substantial influence on grain yield under soil flooding and water-limited conditions [5] .
In the past decades, research on the maize brace roots has been focused mainly at the morphological and physiological levels. The primordia of brace roots have been well described as developing from dedifferentiated cells of the stem parenchyma, just behind the stem cortex and below the intercalary meristem of the overlaying internodes [6] . Previous studies have demonstrated that many nutritional or environmental factors could affect brace root formation. Nutrient deficiencies, such as those of phosphorus and nitrogen, could decrease the rate of emergence or the number of brace roots [7, 8] . The number of brace roots emerging from upper nodes is lower when the carbohydrate nutrition of plants is reduced by shading or low light as a result of large plant densities [9] . Soil ridging is also an important factor that could increase the number of functional brace roots. Later ridging tends to result in shorter internodes and more functional nodal roots, leading to better lodging resistance [10] . However, to date, knowledge concerning their initiation or early development at the molecular level remains poor, and only two maize mutants deficient in shoot-borne root formation have been isolated. The mutant rt1 is the first root formation mutant isolated and shows a reduced number of shoot-borne roots at higher nodes (nodes 7 and 8), whereas only a slight difference is observed in the number of crown roots at the first two nodes [11] . The rt1 mutation is inherited as a monogenic recessive trait and mapped on chromosome 3 [6] . In contrast, the rtcs mutation [12] is completely devoid of all shoot-borne roots and embryonic seminal roots because of inhibition of the initiation of the affected roottypes. The RTCS encodes a LOB domain protein [12, 13] . We performed deep sequencing analysis and impressed the complex changes in the transcriptomes during the early development of maize brace root [14] . However, no other reports on genes regulating brace root development have yet been found.
In recent years, small regulatory RNAs have attracted attention because of their important roles in posttranscriptional or translational gene regulation [15] [16] [17] . MicroRNAs (miRNAs) and small interfering RNAs (siRNAs) are the two major groups of small RNAs in plants that serve as negative regulators of gene expression. miRNAs are viewed as endogenous and purposefully expressed products of an organism's own genome and processed from hairpin precursors by the ribonuclease III-like enzyme Dicer Dicer-like1 (DCL1) or DCL4. Unlike miRNAs, siRNAs are thought to be primarily exogenous in origin, derived directly from the virus, transposon, or transgene trigger, and are generated from perfectly complementary, long, double-stranded RNAs by RNAdependent RNA polymerase 6 (RDR6)/RDR2 [18, 19] .
Studies indicate that miRNA-regulated auxin homeostasis is an important regulator of plant root development: MiR160 targets AUXIN RESPONSE FACTOR17 (ARF17) to regulate adventitious rooting in Arabidopsis [20] ; MiR164-directed cleavage of NAC1 mRNA affects auxin regulation in lateral root development in Arabidopsis [21] ; MiR165 and miR166 target HD-ZIP III transcription factor mRNAs in the endodermis and stele periphery and further determine root cell fates in a dosage-dependent manner [22] ; MiR390 and ARFs form an auxin-responsive regulatory network controlling lateral root growth in Arabidopsis [23] . Brace root initiation is similar to that of lateral or adventitious roots [24] . Therefore, it is interesting to determine whether the maize brace root formation shares the common miRNA regulatory mechanisms with these underground roots. To obtain a comprehensive and unbiased miRNA transcript profile during maize brace root formation together with auxin treatment, we performed deep sequencing analysis using the Illumina ⁄ Solexa digital gene expression (DGE) system because that this system enables the sequencing of total cDNA for the derivation of an accurate measure of gene expression, both individually and comprehensively, and the discovery of novel regions of transcription, dramatically changing the way that the functional complexity of transcriptome can be studied.
In the present study, an overall impression of miRNA profiles during the early development of the maize brace root was acquired by deep sequencing. For the first time, we have comprehensively characterized the miRNA regulation basis of the physiological processes during maize brace root formation and provide useful information for further research.
Results and discussion

High-throughput sequencing of maize small RNAs
To identify microRNAs involved in brace root development and further auxin-dependent brace root development, we performed Solexa sequencing of three small RNA libraries derived from maize node tissues (N), nodes with just-emerged brace roots (NR), and nodes with ust-emerged brace roots after IAA treatment (NRI) (Fig. S1 ). The sequencing effort resulted in over 11,357,201, 12,728,574, and 11,949 ,415 raw reads from the N, NR, and NRI datasets, respectively (Table S1 ). After discarding low-quality sequences and adapter sequences, 8,558,568 (75.36%), 9,723,311 (79.39%), and 10,605,379 (88.75%) clean reads ranging from 18 to 31 nucleotides were generated from the N, NR, and NRI libraries, respectively. The overall size distribution of all the sequenced reads from three sequencing efforts were very similar, with the 24 nt class being the most abundant, followed by the 21 nt class (Fig. 1) . Such a size distribution suggests that sRNAs were specifically enriched between 21 and 24 nt in maize. The length of miRNA is~21 nt, as well as siRNA~24 nt, thus, the peaks of abundance in maize reveals that miRNAs and siRNAs may play important roles in the nodes.
Generating a reference set of annotations is essential to exploring the small RNA categories. All identical Solexa reads in each library were sorted into unique sequence tags for further analysis. The unique reads out of the clean reads for N, NR, and NRI libraries were 650,793 (7.6%), 957,303 (9.8%), and 1,082,948 (10.2%), respectively (Table S1 ), which were perfectly mapped to maize B73 RefGen_v2 (release 5a.59 in November 2010). Genome-matched sequences were classified into several groups, including known miRNAs, rRNAs, tRNAs, snRNAs, snoRNAs, and others (Table 1) . Known miRNAs accounted for 0.08%, 0.06%, and 0.04% of the small RNA libraries for N, NR, and NRI, respectively. The highest proportion of genome-matched sequences included unannotated small RNA sequences, which may include novel miRNA candidates. However, these results indicate that maize brace root contains a large and diverse small RNA population at very early stages of development.
Small interfering RNA (siRNA), another important class of noncoding small RNA, is a 21-24 nt long double-strand RNA, each strand of which is 2 nt longer than the other on the 3′ end. According to this structural feature, we aligned tags from clean reads to each other to find sRNAs meeting this criterion as potential siRNA candidates. We analyzed 24nt siRNA in the three libraries ( Fig. 2A ). Among these, 3347 were commonly predicted in the N and NR libraries; 3957 were commonly predicted in the N and NRI libraries; 7298 were commonly predicted in the NR and NRI libraries; and 2732 were commonly predicted in all three libraries. In addition, 427 downregulated and 68 up-regulated 24nt siRNAs in barce roots were identified (Fig. 2B) . The disparity of classes and numbers suggest that 24nt siRNAs may also play roles in the early development of brace roots.
Analysis of differentially expressed conserved miRNAs
All small RNA sequences were Blastn-searched against known mature maize miRNAs and their precursors in the miRNA database miRBase (http://www.mirbase.org/, released 18 November 2011) to identify conserved miRNAs in the three libraries. Blastn searches and further sequence analysis showed that 137 known miRNAs belonging to 26 miRNA families were identified in the three libraries (Table S2 ). The identified miRNA families are conserved in a variety of plant species. For example, miR156, miR159, miR166, and miR169 have been found in 51, 45, 41, and 40 plant species, respectively [25, 26] .
The diversity of maize miRNAs could also be found in the number of members they contained (Fig. S2 ). The largest miRNA family sequenced was miR166, consisting of 14 members, followed by miR171, miR156, miR169, miR395, and miR167 with 13, 12, 11, 11, and 10 members, respectively. Other miRNA families, such as miR162, miR529, miR827, miR1432, and miR2118, had only one member detected in each this period. The size of miRNA families may be indicative of their functional complexity.
Maize miRNA families displayed significantly varied abundances with one another (Table S2 ). This variation in abundance of the miRNA families suggests that miRNA genes would be differentially transcribed during brace root development. For example, maize miR168 families were sequenced more than 550,000 times, while miR166 families were sequenced more than 20,000 times. In contrast, miR395 families were detected less than 10 times; miR169 families were detected less than 50 times. Two known miRNA families, miR397 and miR482, were not successfully detected in our datasets. Different family members also displayed drastically different abundance levels (Table S2 ). For instance, the abundance of the miR156 family varied from 8 (zma-miR156j) to 11,538 reads (zma-miR156d) during deep sequencing. The same results were obtained for some other miRNA families, such as zma-miR159 (6 to 37,748 reads) and zma-miR166 (5100 to 353,290 reads). Abundance comparison among different members within a miRNA family may provide valuable information on the role that the miRNAs play in that plant-specific development stage. These may suggest tissue-, development-, and species-specific expression profiles of miRNAs.
We identified differentially expressed miRNAs in brace root by comparing normalized expression profiles of 137 known miRNAs (Fig. S3 ). Overall, 19 miRNAs forming 11 mature miRNAs were differentially expressed with a fold change (FC, Log2Ratio) >1.5 or b− 1.5 and a p-value b0.001 in the N and NR libraries (Table 2) . However, only three miRNAs, including zma-miR156j and zma-miR169a/b, were downregulated. The most significant upregulation was observed for zma-miR171g, with an FC > 9 in the NR library compared with the N library, followed by zma-miR164e and zma-miR171h/k with FCs >5 and >4, respectively.
Using the same selection criterion, 21 known miRNAs were differentially expressed in NRI library compared with NR library (data not shown). Thus, a larger number of miRNAs were regulated by auxin. Six of 21 miRNAs regulated by IAA were differentially expressed in the N and NR libraries simultaneously (Table 2 , marked with a star). These expression profiles strongly indicate that auxin may contribute to the early development of maize brace root.
Nineteen miRNAs differently expressed in N vs. NR were validated by detecting the mature miRNA by qRT-PCR to validate the data. Expressions of miR156j and miR169a/b were downregulated (Figs. 3G and 1H) while those of others miRNAs were upregulated in the NR library compared with the N library (Figs. 3A to 1F), in agreement with the sequencing datasets. However, mature miRNA levels of zma-miR171a, zma-miR399a/c/h, and zma-miR399d showed almost no change (Fig. 3I) , which was not consistent with the results of the sequencing data; for these miRNAs, FCs of only 1.75, 1.8, and 2.17 FC, respectively, were obtained (Table 2) . Zma-miR396a/b, which showed no discrepancies in the three libraries, was selected as control (Fig. 3I) . Therefore, 14 conserved miRNAs were confirmed to be differentially expressed during brace root development. Nitrogen deficiencies could decrease the rate of emergence or number of brace roots [7, 8] . The expressions of miR156j, miR164e, miR171g, and miR393b have also been reported to be upregulated by nitrogen deficiency in maize root [27] . In the present study, we demonstrated that miR156j, miR164e, miR171g, and miR393b are regulated by the emergence of brace roots. Therefore, the emergence of brace roots may require high levels of nitrogen nutrition, which could be regulated at the posttranscriptional level by miRNAs. Moreover, miR171g, as well as miR167a/b/c/d, were responsive to salt stress in maize root [28] . In Arabidopsis, miR169 was reported to target the NFYA transcription factor to promote drought resistance [29] . In the present study, miR171g and miR167a/b/c/d were upregulated whereas miR169a/b was downregulated by the emergence of the brace root (Fig. 3) . These findings suggest the function of the brace root to keep the plant upright, provide a surface for nutrient and water uptake and gas exchange, and help plants adapt well to environmental stresses.
Target prediction and validation of conserved maize miRNAs differentially expressed in brace root
Investigation of the target mRNAs of the miRNAs identified can assist us in understanding their biological roles. As most plant miRNAs exhibit near-perfect complementation to their targets, we utilized the psRNA Target program (http://plantgrn.noble.org/psRNATarget/) to predict the mRNA targets of the 19 differentially expressed and conserved miRNAs related to brace root. Fifty-four targets were identified (Table S3) . We also performed qRT-PCR to detect the predicted target mRNA level (Figs. 3A to 1H ). Some genes were differentially expressed in the N, NR, and NRI libraries, consistent with the expression of miRNAs; these findings indicate that the miRNAs may truly act on their predicted targets through mRNA cleavage. For example, zmamiR164e was induced about 10-fold in the brace root, whereas its target, GRMZM2G163975, coding a protein with HLH DNA-binding domain, was downregulated by about 3.5-fold. Similarly, zma-miR171h/k was induced more than 7-fold in the brace root, while its targets GRMZM2G026218 and GRMZM2G021299 were downregulated by about 8-fold and 2-fold, respectively. Three targets (GRMZM2G061734, GRMZM2G307588, and GRMZM5G806833) of miR156j and one target (GRMZM2G038303) of miR169a/b, which encode three SBP-box transcription factors and a NF-YA transcription factor, respectively, showed expression patterns similar to those of miR156j and miR169a/b. This result confirms that the four predicted genes were not targets of zmamiR156j or miR169a/b but they may participate in the early development of maize brace root. Fifteen of 24 target mRNAs showed expressions opposite to those of the miRNAs (Table S3 , genes marked with stars) and were thus considered the target genes of miRNAs related to maize brace root.
Then we performed GO analysis to these 15 target genes. They were predicted to have 7 different molecular functions (Fig. 4A) related to DNA binding, ATP binding, and Auxin binding; they were located in 5 cellular components (Fig. 4B) including the nucleus, the membrane and the cytoplasm; they were involved in 9 different biological processes (Fig. 4C) , such as auxin mediated signaling pathway, protein phosphorylation, regulation of transcription, and protein transport.
Four target genes appeared to be auxin-related genes, including two AUXIN RESPONSE FACTOR genes (GRMZM2G078274 and GRMZM2G035405, targets of zma-miR167a/b/c/d), one TRANSPORT INHIBITOR RESPONSE gene (GRMZM2G135978, target of zma-miR393b/c), and one AFB (GRMZM2G137451, target of zma-miR393b/c). These expression profiles strongly indicate that auxin may contribute to the early development of maize brace root. In Arabidopsis, intracellular auxin is detected by TIR1/AUXIN SIGNALING F-BOX PROTEIN1-3 (TIR1/AFB1-3) receptors, thereby activating ARF transcription factors, which regulate the expression of auxin-responsive genes [30] . TIR1/AFP has been proven to be the target of miR393 in Arabidopsis [31] . MiR390 downregulates ARFs to control lateral root growth in Arabidopsis [23] . These data are in agreement with the report that brace root initiation involves two major steps regulated by auxin-associated networks, similar to those of lateral or adventitious roots at the cellular level [24] , and with our previous data, which showed that auxin positively regulates brace root development [14] . Thus, auxin represents a regulator in both brace root and lateral or adventitious root development in higher plants [24, [32] [33] [34] [35] . miRNAs and their stem-loop structures. To better distinguish miRNAs from other RNAs, we calculated minimal folding free energy index (MFEI), which should be greater than 0.85 [36, 37] . A total of 497 novel miRNA candidates were obtained from the three libraries, and then we selected only 159 candidate novel miRNAs (belonging to 88 families) commonly found in two or three of the libraries for further analysis (Table S4) ) obtained in a previous report [38] . Novel miRNAs differentially expressed in brace root were identified. Overall, 25 miRNA were differentially expressed with an FC Log2Ratio >1.5 or b− 1.5 at a p-value b 0.001 in the N and NR libraries, which includes 12 upregulated and 13 downregulated miRNAs (Table 3 ). miRNAs were validated by mature miRNA qRT-PCR (Fig. S4) . Zma-nmiR21, zma-nmiR38 zma-nmiR70, and zma-nmiR76a/b were more upregulated in the NR library compared in the N one, whereas zma-nmiR9a/b/c, zma-nmiR11a/b, zma-nmiR45a/b/c, zma-nmiR81, zma-nmiR85, and zma-nmiR86 were downregulated. The results were in agreement with the sequencing datasets. The nine other novel miRNA candidates were detected at almost unchanged or opposite levels in qRT-PCR compared with the results observed during sequencing. However, results of the mature miRNA qRT-PCR of the nine novel miRNA candidates were at least invalidated as true miRNAs.
miRNA precursor-matched novel sRNAs
Total of 511, 617 and 462 sRNAs were matched to the known miRNA precursors in N, NR and NRI libraries, respectively, including mature miRNA, miRNA*, and novel sRNAs. Nine novel sRNAs with high expression level in all three libraries came from zma-miR159, 169 and 319 families (Fig. 5B) . These sRNAs were located between the mature miRNA and miRNA* (Fig. 5A, Table S5 ), thus probably generated in the miRNA processing. In addition, sequences of some sRNAs differed for deriving from varied precursors, such as sRNA319-5′ac (AGCTGCCGACTCATCCATTCA) and sRNA319-5′bd (AGCTGCCGACTCA TTCACCCA), however, which came from the same location of precursor sequences relatively. These novel sRNAs may exist in the form of miRNA clusters with known maize miRNAs, but in need of further examination.
In conclusion, we have sequenced three independent small RNA libraries derived from N, NR, and NRI through Solexa sequencing. Our data confirmed the authenticity of 137 known miRNAs in maize. We found 159 miRNAs that had not been reported in other species. 14 conserved and 16 novel miRNAs differentially expressed in brace root, as well as 15 target genes, were identified and validated by qRT-PCR during maize brace root development. Moreover, we identified 9 miRNA precursor-matched novel sRNAs that may form miRNA clusters, as well as 24nt siRNAs in the three libraries. In addition, auxin may regulate maize brace root development through miRNAs. This work extends insights into miRNA-mediated gene expression regulations in brace root and provides a useful resource for future studies on maize small non-coding RNAs. Further functional analysis of the differentially expressed siRNA, miRNAs and their target genes will provide deeper insight into the regulation of maize brace root development.
Materials and methods
Plant material
The maize (Zea mays) inbred line H5468 was used in the present study. Seeds of H5468 were surface-sterilized with 3% sodium hypochlorite for 10 min and rinsed in distilled water. Sterilized seeds were pre-germinated on moistened filter papers in a plant growth chamber at 60% humidity and 28°C, under a 16: 8 h light ⁄ dark cycle for 3 days. Then, the seedlings were transferred into the field in a greenhouse and cultivated at a mean temperature of 28°C with both natural light and an additional 16: 8 h light⁄dark cycle.
Library construction and sequencing
Plants were harvested when they are at the V4 (four-leaf stage) or V6 (six-leaf stage) stages (http://www.extension.iastate.edu/hancock/info/ corn.htm). Each sample was derived from at least five independent plants and the tissues were mixed together. The transverse section of stem node tissues at the first aboveground phytomer (from the bottom to the top) of the V4 stage maize with no brace root initiation were harvested as the control (N), the same location stem node tissues of the V6 stage where the brace roots just emerge were sampled as NR (i.e. node tissue with just-emerged brace roots), and the same location stem node tissues of the V6 stage where the brace roots just emerge under IAA treatment (10 μM, sprayed, from V4 to V6) were sampled as NRI (i.e. node tissue with just-emerged brace roots under IAA treatment). Total RNA was isolated from different maize tissues with TRIZOL reagent (Invitrogen, Carlsbad, CA, USA); Small RNAs of 16-28 nt were gel-purified and then sequentially ligated to RNA/DNA chimeric oligonucleotide adapters, reversely transcribed, and amplified through PCR (polymerase chain reaction). Finally, Solexa sequencing technology was employed to sequence the sRNAs from the three samples.
Sequencing data mapping and analysis
Raw sequence reads were processed. During this procedure all low quality reads, including 3′ adapter reads and 5′ adapter contaminants were removed. The remaining high quality sequences were trimmed of their adapter sequences and sequences larger than 30 nt and smaller than 18 nt were discarded. All high quality sequences, even those with only a single unique read, were considered as significant and further analyzed. Unique small RNA sequences were mapped to maize genome (B73 RefGen_v2, release 5a.59 in November 2010) reference sequences by SOAP [39] . Small RNAs derived from rRNAs, tRNAs, snRNAs and snoRNAs deposited at the Rfam and NCBI GenBank databases http://www.ncbi.nlm.nih.gov/Ftp/ were identified by NCBI blast. In order to determine conserved miRNAs, unique sequences were aligned with known maize miRNAs from miRBase (Released 18 November 2011) with a maximum of two mismatches, where gaps count as mismatches.
Identification of conserved and novel miRNAs
The unique small RNA sequences were Blastn searched against the known maize mature miRNAs and their precursors in the miRNA database miRBase (Release 18, November 2011, http://www.mirbase.org/). Only those small RNAs whose mature and precursor sequences perfectly matched known maize miRNAs in miRBase were considered to be conserved miRNAs.
To discover potential novel miRNAs, we used the software Mireap (http://sourceforge.net/projects/mireap/) to predict the precursor sequences and their secondary structures. Then in order to distinguish miRNAs from other non-coding and coding sRNAs, the MFEI was calculated and potential novel maize miRNA candidates were further screened. Previous study indicated that more than 90% of miRNA precursors had an MFEI greater than 0.85, and no other RNAs had MFEI higher than 0.85 (MFEI= [(MFE/length of the RNA sequence) × 100]/ (G+ C)%) [37] .
siRNAs identification
Small interfering RNA (siRNA) is a 21-24 nt long double-strand RNA, each strand of which is 2 nt longer than the other on the 3′ end. According to this structural feature, we aligned tags from clean reads to each other to find sRNAs meeting this criteria. These tags might be potential siRNA candidates. Program and Parameters: Software developed by BGI-tag2siRNA.
Differential expression of miRNA
Compare the miRNA expression between two samples to determine the differentially expressed miRNA. The procedures are shown as below: (1) normalize the expression of miRNA in two samples (control and treatment) to get the expression of transcript per million (TPM). Normalization forum: normalized expression = Actual miRNA count/ Total count of clean reads *1,000,000; (2) calculate fold-change and P-value from the normalized expression according the Bayesian method developed by Audic and Claverie [40] . Then generate the log2 ratio plot and scatter plot. 
Mature miRNA qRT-PCR analysis
Small RNA was extracted using miRcute miRNA Isolation kit (TIANGEN) from different tissues of maize. Ploy (A) modification and first strand cDNA synthesis were performed with miRcute miRNA first strand cDNA synthesis kit. Mature miRNA qRT-PCR analysis were performed with miRcute miRNA qRCR detection kit. The experiments had been carried out at least three times under identical conditions using U6 RNA as an internal control. Details of primers were listed in Table S5 .
QRT-PCR analysis
Total RNA was extracted using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) from different tissues of maize. Contaminated DNA was removed with RNase-free DNase I. First strand cDNA synthesis was performed with Prime Script RT reagent kit using oligo (dT) primer. The qRT-PCR experiment had been carried out at least three times under identical conditions using EF1-α as an internal control. Primers for amplifying genes were designed according to the sequences downloaded from the maize sequence database (http://maizesequence.org/ index.html). Details of primers were listed in Table S6 .
Prediction of target genes
The potential targets of the differentially expressed miRNAs were predicted using psRNATarget (http://plantgrn.noble.org/psRNATarget/). Information about maize Genome was acquired from the maize sequence database (http://maizesequence.org/index.html).
Gene Ontology (GO) analysis
Gene Ontology (GO) (http://www.geneontology.org) analyses were performed with the PartiGene program (http://www.nematodes.org/ bioinformatics/annot8r/index.shtml). GO (protein) terms based on BLASTX similarity (E-value b10e-5) and known GO annotations. Results for GO were summarized in three independent categories (Biological Process, Cellular Component, and Molecular Function).
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ygeno.2012.11.004.
